relatively balanced drawdown of N and Si. However, reduced iron availability can significantly alter community nutrient utilization ratios, leading to the growth of heavily silicified diatoms, which use silicic acid and nitrate at molar ratios of 2:1 or greater Takeda, 1998; Franck et al., 2000] . The biogeochemical consequence is preferential drawdown and export of Si relative to N. Thus community iron deficiency is a likely cause of highnitrate, low-silicic acid conditions ], together with the preferential export of Si relative to N by grazers [Dugdale et al., 1995] .
In low-iron oceanic regions the eventual depletion of mixed layer silicic acid might lead to a secondary limitation of diatom growth by silicic acid deficiency, thus imposing a major constraint on nitrate drawdown and carbon export. Such low-Fe, low-Si conditions may favor the growth of nonsiliceous, ammonium-driven, iron-efficient phytoplankton species such as eukaryotic picoplankton and cyanobacteria, which indeed commonly dominate the subantarctic autotrophic community [Wright et al., 1996; Chang and Gall, 1998 ]. Of particular interest are the biological and biogeochemical responses of such silicic acid-depleted systems to the addition of iron, such as might accompany short-term atmospheric deposition events or longterm environmental changes.
We Here we present the complete results from these experiments, including analyses of dissolved nutrients, particulate organic carbon and nitrogen, phytoplankton chlorophyll a and accessory pigments, algal production and photosynthetic efficiency, phytoplankton cell counts, and iron and silicic acid uptake rates. These results indeed indicate that iron was the proximate limiting nutrient for many biological and biogeochemical processes; however, they also indicate that silicic acid availability exerted a significant control on phytoplankton growth and species composition as well. Our experiments suggest that addition of both iron and silicic acid together is necessary to elicit the greatest biological response by the phytoplankton community.
Methods

During voyage AU9706 of RSV Aurora Australis in March 1998
we collected seawater using a trace metal clean Teflon diaphragm pump ] from-20 m water depth at 46ø46'S, 142øE [Trull et al. , this issue, Figure 1, process station 2] for shipboard bottle incubation experiments. The seawater was discharged under Class-100 filtered air, where it was gently mixed in acid-cleaned 50 L polyethylene carboys and immediately transferred into the clean, rinsed incubation containers (acid-cleaned 2.4 L Nalgene polycarbonate bottles and 24 L Nalgene polycarbonate carboys). Subsamples for initial (t = 0) analyses (derailed below) were taken directly from the 50 L mixing carboys. The incubation containers were either (1) enriched with silicic acid (+Si, -9 gM), (2) enriched with iron (+Fe, 1.9 riM), (3) enriched with iron and silicic acid (+Fe+Si, 1.9 nM and-9 gM, respectively), or (4) left untreated as controls. Silicic acid additions were calculated to yield final concentrations approximately equal to the ambient nitrate concentrations (-9 laM). Iron was added as a solution of ferric chloride in 0.01 M hydrochloric acid, and silicic acid was added as a solution of trace metal clean sodium metasilicate (purified using chelex-100 ion exchange resin). The silicic acid stock had partially polymerized in the cold conditions of the field laboratory, which resulted in measured dissolved Si concentrations about 20% lower than the nominal initial target concentration. However, our nutrient measurements (see section 3) indicate that the added Si depolymerized in the incubation bottles during the course of the experiment, and we assume that the total concentration of added Si, as dissolved and colloidal silicic acid, was close to the target concentration of 9
The bottles were sealed and set in circulating surface seawater inside polyethylene deck incubators at -50% of incident irradiance and were maintained near ambient sea surface temperature (11 + 2øC) throughout the experiment. For each experimental treatment, duplicate 2.4 L bottles were sacrificed on days 2, 5, and 8 for analyses requiring small sample volumes (dissolved nutrients, size-fractionated chlorophyll a, flow cytometry, photosynthesis versus irradiance, etc., derailed below). In addition, for each experimental treatment one 24 L carboy was sacrificed on day 5 for analyses requiring larger sample volumes and to allow us to evaluate any significant container size effects Three independent methods were used to monitor phytoplankrton community composition in the incubation bottles: phytoplankton accessory pigment analysis, flow cytometry, and visual cell counts by microscopy. Taxon-specific phytoplankton accessory pigments were measured using high-performance liquid chromatography (HPLC). Because of the large sample volume required (1-3 L), pigments were measured only in the starting seawater (t = 0) and the day 5 subsamples from the 24 L carboys. Samples were filtered (Whatman GF/F) and frozen in liquid nitrogen until analysis as described by DiTullio et al. [ Visual cell counts were carried out on samples from days 2, 5, and 8 in the 2.4 L bottles using 50 mL glutaraldehyde-preserved samples ]. Only large cells (pennate and centric diatoms and autofluorescent dinoflagellates) were counted, because of imperfect preservation and dim fluorescence of small taxa. Cell counts in the starting seawater (t = 0) were too low to obtain reliable counting statistics and are not presented. Values for each bottle were calculated as the average of six counts, and values and errors for each treatment are the means and ranges for both duplicate bottles.
Particulate organic carbon (POC) and particulate organic nitrogen (PON) were measured in all incubations as described by . Particulate biogenic silica (BSi) and 32Si silica production rate analyses were also performed on all incubation samples, as described by Qudguiner [this issue]. Sizefractionated biological Fe uptake was measured in the starting seawater (t = 0) and at day 5 in the 24 L carboys. Duplicate 500 mL subsamples were incubated with I nM 55Fe for 6 daylight hours in the deckboard incubators, then filtered (0.2 and 5 •tm polycarbonate) with Ti washing to remove surface-bound isotope [Hudson and Morel, 1989 ]. 55Fe was counted using liquid scintillation, and molar Fe uptake rates were calculated using the known specific activity of the isotope and the ambient nonradioactive Fe concentrations [Schmidt and Hutchins, 1999] . Iron uptake rates are the means and ranges of duplicate subsamples from each carboy. Results of the CHEMTAX analyses of the phytoplankton pigment data are presented in Table 2 . These calculations suggest that diatoms accounted for only about 10% of the total community photosynthetic pigments on day 0. This percentage increased about 2 times in the control and +Si carboys by day 5 but increased much more (-3 times) in the +Fe and +Fe+Si treatments. CHEMTAX results suggest that the initial assemblage was dominated by chlorophytes (41% of total pigments) but this group declined in all treatments about equally to final values of 24-27% by day 5. Type 3 haptophytes (including coccolithophorids and some species of Phaeocystis) were also initially prominent (16% of total pigments) but declined dramatically in all treatments except the control by day 5. Type 4 haptophytes (including chrysophytes such as silicoflagellates, pelagophytes, and parmales and some Phaeocystis species such as Phaeocystis antarctica) were initially also abundant (21% of total pigments) but increased only slightly in the control and +Fe treatments. These type 4 haptophytes did increase significantly by day 5 (-34% of total pigments) in both treatments with Si added, however, perhaps reflecting the growth of silicoflagellates or silicified parmales in response to the Si additions. Of the minor algal taxa present at the initial timepoint, CHEMTAX suggested that dinoflagellates, prasinophytes, and all cyanobacteria (including Synechococcus and Prochlorococcus) declined in all treatments by day 5 (Table 2) . Synechococcus was the dominant cyanobacterium in our samples, as Prochlorococcus pigments were very scarce (initial) or absent (final, all treatments, Table 2 Silicic acid to nitrate (Si:N) molar drawdown (i.e., net consumption) ratios were quite low in all of the treatments, ranging from 0.13 to 0.35, and showed no apparent dependence on the addition of Fe to incubated samples. These molar drawdown ratios are much lower than the Si:N uptake ratio of unity that is typical of most species of diatoms grown under nutrient-replete conditions [Brzezinski, 1985] ............................................................................................................. .•.•...n.....t..r..!..c._._..•.i..a. [o......m....s.. .................................................................................................... ..D._.i_•9...g...ag.½.!..1...•..t..•.• ...................................... BSi:PON production ratios confirm that Si:N uptake ratios are considerably less than 1 in our experiments and that these ratios apparently do not show the clear dependence on Fe availability that has been observed in other shipboard field studies. At day 5 in the 24 L carboy incubations, total community (>0.2 ytm) Fe uptake rates in the control treatments had not changed significantly from the initial levels (p = 0.2, Figure 11 ). The day 5 total community Fe uptake rates in the +Fe-and +Si-treated carboys were similar to each other and significantly higher (-3 times, p < 0.02) than in the control treatments. Iron uptake rates in the >0.2 ytm size fraction in the +Fe+Si-treated carboys were greatly increased over initial values, and were significantly higher than day 5 rates in the control treatments (by-4.7 times, p = 0.03) and in the +Fe and +Si treated carboys (by-1.6 times, p < 0.04).
These substantially higher Fe uptake rates in the +Fe+Si treated carboy were mostly due to increased Fe uptake rate in the 0.2-5.0 ytm size class, with also some contribution from increased uptake rate in the >5 ytm size class (Figure 11 However, for many of these measured parameters both Fe and Si added together produced the largest effects. Those that were significantly higher at the 95% confidence level (p = 0:05) were ?max and ot values, BSi, absolute iron uptake rates, and absolute and specific silicic acid uptake. At a lower confidence level of 90% (p = 0.1), >20 [tm chl a, silicic acid drawdown, and PON and POC production were significantly elevated in the +Fe+Si treatments. Although they were not replicated (and so cannot be statistically compared), fucoxanthin concentrations were also much higher in +Fe+Si treatments than in either +Fe or +Si bottles.
The 32Si and 55Fe tracer incubations and the BSi measurements provide some of the strongest evidence for multiple limitation of the community by Fe and Si. BSi concentrations, psi, and VSi were significantly higher in the +Fe+Si treatment than in the other treatments (Figure 10 ). Fe uptake rates increased in both +Fe and +Si carboys compared to the control, but rates in the +Fe+Si carboy were much higher again (Figure 11) The HPLC pigment data show that levels of the haptophyte pigment 19-hex increased in all three addition treatments relative to the initial and day 5 control levels ( Figure 6 ). Especially intriguing are the increases in this haptophyte marker after addition of Si alone since silicic acid availability is often assumed to be important only to diatoms. Despite the increase in absolute 19-hex concentration in the +Fe carboy, CHEMTAX analyses suggest that the relative abundance of type 4 haptophytes increased only slightly in both the control and +Fe bottles. Relative abundance increases were, however, much larger in the two treatments with added Si (Table 2 ). This taxonomic group includes silicoflagellates, as well as several groups that can have lightly silicified scales (such as the parmales). Silicic acid limitation of picoeukaryotes is also suggested by the higher chl a net growth rates of the 0.2-2.0 [tm fraction in the +Si treatments relative to the controls (Tables 1 and 3 It is notable that Si:N (silicic acid to nitrate) net drawdown ratios in our incubations were very low (0.10-0.35) and were apparently unaffected by Fe availability. This conclusion is robustly supported by measurements of both dissolved nutrient drawdown and particulate BSi and PON production but is contrary to a number of previous observations in other low-Fe regimes ], including other parts of the Southern Ocean [Takeda, 1998; 
